In this paper, a table-top, reflective mode, laser scanning confocal microscopy system that is capable of scanning the target specimen alternately through various scanning devices and methods is proposed. We have developed a laser scanning confocal microscopy system to utilize combinations of various scanning devices and methods and to be able to characterize the optical performance of different scanners and micromirrors that are frequently used in scanning microscopy systems such as multiphoton microscopy, optical coherence tomography, or confocal microscopy.
Introduction
Laser-scanning confocal microscopy (LSCM) is an optical imaging technique that enables three-dimensional (3D) imaging of biological cells and tissues thanks to its optical sectioning capability, which is a noninvasive technique that grants the collection of the tissue images, layer by layer, without resorting to any kind of physical slicing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Reflective-mode LSCM scans a target sample point-by-point with a laser beam in a sequential way [12] . It epi-collects the reflective incident light coming from the focused specimen, passes it through a spatial filter that is located at the other focusing point of the microscopy system, and feeds it to a transducer to convert the light intensity data to corresponding voltage values. It later employs these acquired pixel information and digitally assembles them into a meaningful image [13] . By repeating this procedure and automatically collecting light intensity information from different z-slices of the tissue, LSCM eases the noninvasive imaging of living specimens [14] .
LSCM technique has some major advantages over conventional optical wide-field microscopes. It allows imaging of living tissue in depth, up to 1 mm, by scanning the target sample in narrow slices, resulting an image with a narrow depth of field, as low as 0.1 mm. This feature of LSCM allows taking images from various depths of the sample to build a 3D image set. The operator can manipulate and measure certain structures in the sample 3D image. The other advantage of the LSCM is that it can have a very high resolution and enables real time in vivo imaging of the targeted specimen. It has been reported that the LSCM can measure details down to 100 nm [14] . Moreover, LSCM can also be implemented in a very simple and compact manner [15, 16] and can function as a portable hand-held device [17, 18] .
There are well-established scanning methodologies used in scanning microscopy such as raster scanning [19] , Lissajous scanning [21, 30] , free-line scanning [22] , rotational scanning [23] , and spiral scanning [24] . In the raster scanning scheme, resolution of the acquired images is directly related to the ratio of orthogonal scanning frequencies [25, 26] . Though the raster scanning pattern is comfortably preferred for Si microscannerbased imaging systems [27] as in the case of standard galvanometric scan mirrors, a Lissajous scanning pattern is adopted in laser scanning systems where attaining high-resolution values is impractical due to low fastto-slow scan frequency ratio of the utilized scanning device [21, 28, 29] . In this work, we have developed a laser scanning confocal microscopy system to utilize combinations of various scanning devices and methods. Using the proposed setup, we will be able to characterize the optical performance of different scanners and micromirrors that are frequently used in scanning microscopy systems such as multiphoton microscopy, optical coherence tomography, or confocal microscopy. The proposed system contains two different scanning units: (1) a conventional two-dimensional (2D) galvanometric scan mirror and (2) a 3D printed polymer scanner. By integrating the scanner to be characterized on the same optical path with a galvanometric scan mirror, which is the conventional benchmarking scanning unit in a typical scanning microscope, we obtain two major advantages:
(1) microscopy images are automatically acquired from the same location on the target specimen without having any time-consuming alignment problem and accordingly provide a high-quality optical comparison opportunity, and (2) it totally eliminates the utilization of a second scanning microscopy to benchmark the performance of the scanner-based system and considerably reduces the time spent for imaging, which is a crucial factor for freshly excised tissue, especially under a fluorescence microscope.
The implemented system is composed of a laser source with a wavelength of 658 nm, various collimation optics, a 2D galvanometric scan mirror, a magnetically actuated 2D polymer scanner, an objective lens with a numerical aperture (NA) of 0.40, a 100 µ m pinhole, a photomultiplier tube (PMT), a data acquisition card (DAQ card), and peripheral electronics, as well as MATLAB software that simultaneously controls the system through a personal computer. The prototype of the proposed flexible LSCM system is first characterized using a US Air Force (USAF) resolution target and then fully tested by imaging numerous tissue and cell samples. This paper is organized as follows: in Section 2, the proposed LSCM system is elaborated. Subsequently, in Section 3, details on system implementation and image construction methodology are shared. Experimental results and images acquired with the proposed LSCM system are given in Section 4. Finally, the report is finished with a summary and discussion in the concluding section.
System description
The block diagram of the proposed multiscanning-mode laser-scanning confocal microscopy system is shown in Figure 1 . We implemented a system composed of a Thorlabs-LP660-SF60 60 mW laser source with a wavelength of 658 nm, an optical lens setup, a Hamamatsu-H10721-20 photo-multiplier tube (PMT), an NI-USB 6356 data acquisition card (DAQ), a two-dimensional (2D) polymer-based laser scanner, and a Thorlabs-GVS002 2D galvanometric (galvo) scan mirror. Figure 1 . System diagram of the implemented laser-scanning confocal microscopy system. Distances between components: laser-to-L1 is 30 mm, 2D microscanner-to-L2 is 25 mm, L2-to-2D galvo is 35 mm, 2D galvo-to-dichroic mirror is 100 mm, dichroic mirror-to-silver coated mirror is 125 mm, 2D microscanner-to-L3 is 35 mm, L3-to-L4 is 50 mm, L4-to-L5 is 200 mm, L5-to-objective lens is 350 mm, and L6-to-PMT is 30 mm.
The system incorporates two different laser-scanning devices: one conventional off-the-shelf 2D galvanometric scan mirror to be used for benchmarking and a 2D polymer scanner to be compared with the galvanometer with respect to its optical performance. These devices, which are shown in Figures 2a and 2b , can be interchangeably used as the laser steering device in the system together with the preferred scanning method being raster or Lissajous scanning patterns.
The scanning device and the method can be adjusted on the microscope using the graphical user interface depending on the specimen under observation, target FOV, and FPS. The proposed system can either scan the targeted specimen using a polymer-based scanner or a galvanometric scan mirror, which are both implemented in the same optical path. Moreover, independen of the choice of the laser steering device, the system can resort to Lissajous or raster scanning methods depending on the target specimen and application. Thus, depending on the scanning device and the method in use, it can be stated that the system has four different scanning modes, namely (1) galvanometer-Lissajous, (2) galvanometer-raster, (3) scanner-Lissajous, and finally (4) scannerraster.
For each of the four scanning modes, a laser beam with a wavelength of 658 nm is utilized. The laser beam is generated by a Thorlabs-LM9LP laser source that is attached to a single-mode fiber cable. Generated laser light is transmitted to the optical lens setup via a fiber cable. First, as shown in Figure 1 , the transmitted laser beam passes through a collimating lens ( L 1 ) in order to decrease the dispersion and form a uniform 2 mm diameter circular laser spot. The beam then passes through a dichroic mirror and is projected onto the galvanometer. To achieve multiscanning mode operation, scanning devices available in the system take on different tasks in each mode.
In the first two scanning modes (mode 1 and mode 2), the target is solely scanned by the 2D galvanometric scan mirror. In order to successfully generate the desired scanning patterns, the galvanometric scan mirror should perform a scanning movement in orthogonal directions on x -and y -axes. Meanwhile, the polymer scanner that appears on the optical path is not getting actuated and remains still in the first two scanning modes. Instead, it acts as a stationary mirror in the optical system. Since the scan angle for orthogonal x and y scan directions are relatively wider ( ±12.5 • ) compared to the surface area of the scanner, which is ≈0.58 cm 2 (7.5 mm × 7.75 mm), it is required to use a collecting lens ( L 2 ) between the galvanometric scan mirror and the polymer scanner to make sure that the laser beam hits the surface of the stationary scanner. The galvanometer-scanned laser beam is then directly focused onto the mirror surface of the scanner that acts as a stationary mirror at an angle of 45 degrees with the incident beam. A lens ( L 3 ) with a focal length of 30 mm is located just after the microscanner to keep the laser beam at the same spot size of 2 mm.
For the last two scanning modes (mode 3 and mode 4), the specimen is scanned by using the 2D polymer scanner incorporated to the system. Different from the first two scanning modes, in mode 3 and mode 4, the galvanometric scan mirror is used as a stationary silver coated mirror by the predetermined V of f set values that provide its mirrors to make 45 degrees with the incident beam, whereas the polymer scanner is magnetically actuated and is driven by a combination of actuation signals. Different from the actuation process of the galvanometer, instead of using two different output channels for the two orthogonal scanning directions, two actuation signals are combined into one using the software and transmitted through one output channel of the DAQ card. Once the incident laser beam is scanned by the scanner, the reflected beam is then passed through the relay lens couple that is composed of two different lenses having 50 mm and 150 mm focal lengths, respectively. Since the focal length of the second relay lens is three times bigger than the first relay lens, the ratio between the spot sizes is also multiplied by a factor of three. Then the laser beam, having a 6 mm spot size, passes through the Olympus objective lens to be focused onto the specimen.
Once the desired part of the specimen is scanned, it reflects the laser beam back to the collecting path of the system as depicted in Figure 1 . The laser beam follows the same optical path until it becomes an incident light for the dichroic mirror. The incident laser beam is composed of both reflected and refracted parts. While the reflected laser beam is not utilized by the system, the refracted beam follows the collecting path by passing through a silver coated mirror and an optical lens (L6) that has a focal length of 30 mm. The optical lens focuses the reflected laser beam into the 100 µ m pinhole to be captured by PMT. The pinhole is working as a spatial filter that eliminates the out-of-focus laser light that reflects back from unwanted layers of the specimen. Afterwards, the PMT amplifies the collected laser light intensity values and converts them to electrical current. Since the DAQ card is only capable of reading the voltage value, the current signal must be converted to a voltage signal (V pixel ). The current-to-voltage (I-V) conversion is carried out simply by a resistor (R) connected between the output of the PMT and the ground node. Furthermore, a capacitor (C) is connected in parallel to the R to implement a first-order low-pass filter. The low-pass filter is utilized in the system for smoothing the acquired voltage signal by reducing the high-frequency electrical noise. The reduction in the high-frequency noise by the filter results in constructed images and image sequences that contain less temporal/spatial noise and of higher visual quality. Acquired (V pixel ) values are collected by the DAQ card and converted into pixel brightness values by applying linear gray-level mapping, [V pixelmin , V pixelmax ] → [0, 255] , with the pixel intensity values changing between 0 and 255. It is important to note that the employed linear mapping procedure also acts as a normalizer; hence, it is ensured that the constructed image is in gray-scale within the full range of pixel intensity values. Consequently, the black (gray level 0) and white (gray level 255) pixel values are sorted and placed on the image plane according to the chosen scanning pattern, and the entire image is generated on the graphical user interface (GUI) screen in real-time.
System implementation and image construction
The operation of the overall microscopy system is controlled by software running on a computer connected to a DAQ card embedded in the system. The DAQ card is utilized to generate actuation signals that are applied to the laser steering device and acquire individual pixel intensity values to construct a meaningful image on the screen. In order to control the system via the DAQ card, a MATLAB code is implemented. The user can alter certain properties of the scanning operation by setting related parameters on the designed GUI shown in Figure 3 .
The structure of the code can be summarized as follows: the MATLAB code performs signal generation at the beginning according to the stated signal specifications, and then the image acquisition process begins. The aforementioned four scanning modes are available on the GUI and the user can choose one desired mode depending on the application. After selecting a scanning mode option, the signal properties screen (SPS), which is shown in Figure 3 , appears on the screen. From the SPS, properties of actuation signals such as amplitude, frequency, offset, phase, and sampling rate can be adjusted. For options with raster scanning, waveforms of actuation signals are sawtooth and two separate output channels of the DAQ card are utilized. On the other hand, for options with Lissajous scanning, the actuation signal is composed of two sinusoidal signals. Therefore, it is sufficient to employ just one output channel of the DAQ card in the process. The actuation signals are created in MATLAB as a matrix by using built-in MATLAB commands. Sampling rates up to 3 MHz can be used to generate signals. The matrix is transmitted to the DAQ card's output by using commands again in MATLAB.
The image acquisition part follows the signal generation part. As the first step, voltage values are transformed from the output current value of the PMT by a resistor. Then the voltage values are gathered by the DAQ card in a serial manner through a single analog input channel. To designate the pixel value of the gathered voltage values, a gray-level mapping method is applied. The voltage value, V pixel , is mapped to a value between 0 and 255 in the mapping process, where 0 value represents black and 255 represents white color. After the mapping process, the acquired pixel's position in the final image is determined depending on the selected scanning option. When the image acquisition process is accomplished, the final image is successfully displayed on the GUI.
Raster scanning
In real-time image acquisition process, the DAQ card generates an actuation signal for one period of slow scan axis actuation signal. This is the time for scanning the entire target only once. This can be stated as:
where t acq is image acquisition time and f slow is slow scan frequency. The number of rows and number of pixels in a row (number of columns) of the constructed image depend on fast scan frequency, slow scan frequency, and sampling rate:
where N rows represents the number of rows of the resulting image, f fast is fast scan frequency, and f slow is slow scan frequency. The ratio between fast and slow scan frequencies is decisive for the number of rows of the constructed image.
where N pixels is number of pixels in a row, f s stands for sampling rate, t acq represents image acquisition time, and N rows symbolizes number of rows. However, because of barrel distortion, pixels at the edge are not smooth. Therefore, the resulting image is cropped nearly 7.5% from left and right side, i.e. assume that the galvanometric scan mirror's slow scan frequency is equal to 1 Hz, fast scan frequency to 100 Hz, and sampling rate to 20 kHz. In this situation, the image acquisition time is 1 s for an image. Number of rows is 100 and number of pixels in a row is 200. As a consequence of barrel distortion, the resulting image is cropped from 7.5% from the left and right side. In the end, a 170 × 100 image is displayed on the GUI for this scenario.
For the real-time display, one period of the scanning process is repeated until the user decides to stop the process. To decide the frame per second (FPS) value of the system, Eq. (4) can be used:
where t acq is image acquisition time in Eq. 
Lissajous scanning
In the proposed LSCM system, a 3D printed polymer scanner is utilized as a scanning unit and compared with the conventional galvanometric scan mirrors. Lissajous scanning is preferred because in raster scanning the resolution of acquired images depends on the proportion of fast and slow scan frequencies, and for polymer scanners, the ratio between fast and slow scan frequencies could be very low. Therefore, acquiring a meaningful image may not be possible. However, raster scanning with scanner option (mode 4) is available in GUI in the case of usage of a suitable scanning device whose fast and slow scan frequencies are appropriate. Lissajous scanning patterns are often employed in laser scanning systems where the more common raster scanning pattern is impractical. This is often the case in miniaturized laser scanning microscopes using MEMS scanning mirrors or piezoelectric fiber scanners for beam scanning [18, 20, 22, [31] [32] [33] since, with appropriate scanning frequencies, the desired FOV can be scanned completely by Lissajous patterns. Usage of Lissajous scanning has led to rapid imaging in atomic force microscopy and multiphoton microscopy [29, 31] . It is also reported that, coupled with image interpolation algorithms, 2D Lissajous scanning provides frame rates above 1 kHz [34, 35] .
Mathematically speaking, a Lissajous curve is the graph of a system of parametric Eqs. (5) and (6):
which describe complex harmonic motion.
Here f x and f y are actuation frequencies in the x and y directions while ϕ x and ϕ y are phase shifts. X and Y are the maximum values x(t) and y(t) could reach. In other words, X and Y represent borders for the field of view (FOV) in the x and y directions, respectively. The image constructed from these equations is highly sensitive to the ratio f x /f y . The number of lobes for the targeted figure is also determined by the ratio. For example, a ratio of 2/1 produces a figure with two major lobes. In the same manner, a ratio of 4/3 creates a figure with four horizontal lobes and three vertical lobes.
While constructing an image from data collected by Lissajous scanning, the points resulting from Eqs. (5) and (6) are used as pixel locations. Each data point must be placed in the corresponding (y(t n ), x(t n )) position in the image matrix. Here, y(t n ) and x(t n ) are row and column number for n th data, respectively. However, it is known that row and column numbers of a matrix must be positive integers. To ensure this condition, a series of processes must be applied to Eqs. (5) and (6).
First of all, Eqs. (5) and (6) must be transformed to:
As a result of Eqs. (7) and (8),
Resolution of the constructed image depends on the numerical aperture (NA) of the objective lens and wavelength of the utilized laser in the system. Width and height of the constructed image must be scaled according to the lateral full-width-half-maximum (FWHM) resolution value, which can be expressed as [35] :
where N A is the numerical aperture of the lens and λ is the wavelength of the utilized laser. To specify the width and height of the image, X and Y values are divided with the lateral FWHM resolution w r . Image width and image height can be expressed as:
where I w and I h represent image width and height, respectively. To assign position data x(t) and y(t) values between 0 and I w or I h , they are also divided with the lateral FWHM resolution w r :
where x(t) s and y(t) s are scaled versions of x(t) and y(t) , respectively. As a result of the process x(t) s and y(t) s are such that 0 ⩽ x(t) s ⩽ I w , 0 ⩽ y(t) s ⩽ I h . In MATLAB, matrix indexes start from one. As a result of that, to eliminate all zero values in x(t) s and y(t) s , 1 is added to them and then they are rounded because
x(t) s and y(t) s are used as matrix indexes and therefore they must be positive integers. Elements of scanning data are placed in the matrix according to corresponding row and column index values x(t) s and y(t) s . In the end, the image is constructed. However, in image acquisition with a DAQ card and MATLAB, there is delay between actual scanning data and acquired PMT data. When a session is started on the DAQ card, the DAQ card starts generating driving signals and acquiring values from PMT. However, values generated by PMT are not the actual scanning data until the scanning unit of LSCM starts moving. Therefore, some PMT data at the beginning of the process do not contain any information for image construction. These data points, which are acquired at the beginning of the process, are not employed in the image reconstruction process. In the experiments, it has been found that the unused data points correspond to 0.01% of the total acquired data points. 
Experimental results and discussion
The test setup, which is composed of a Thorlabs-LP660-SF60 60 mW laser source with a wavelength of 658 nm, optical lenses, a Hamamatsu-H10721-20 photo-multiplier tube, an NI-USB 6356 data acquisition card, a 2D polymer scanner, and a Thorlabs-GVS002 2D galvanometer scan mirror system that works as the basic scanning unit, is displayed in Figure 4 . In the conducted tests of the system, it has been observed that lateral resolution of images acquired by utilizing the galvanometric scan mirror can be under 1 µm both in the horizontal and the vertical axis. The values can be adjusted according to the desired resolution and FOV. While horizontal resolution depends on the sampling rate of the DAQ card, vertical resolution depends on ratio between fast and slow scan frequencies and the ratio depends on specifications of the scanning unit as explained in Section 3. FOV, FPS, and lateral resolution values for the galvanometric scan mirror and polymer scanner under a Lissajous scanning scheme are tabulated in the Table. As summarized in the Table, compared to conventionally preferred off-the-shelf galvanometric scan mirrors, the polymer scanner has a lower lateral resolution, much smaller FOV, and equivalent FPS. As the first step, the system has been optically characterized by imaging the USAF 1951 resolution target by employing mode 1, mode 2 and mode 3 . Resulting images are shared in Figure 5 . As can be clearly seen from the figures, the off-the-shelf 2D galvanometric scan mirror optically outperforms the polymer-scan mirror considering Figures 5a and 5b , which are acquired using the galvanometer, and Figure 5c , which is obtained using the polymer scanner incorporated in the system. In mode 2, due to the finer resolution provided by the raster-scanning, Figure 5a is acquired from a smaller area, groups 6 and 7 of the USAF 1951 resolution target. On the other hand, since Lissajous scanning in mode 1 provides a coarser resolution compared to raster scanning in mode 2 , Figure 5b covers a larger area, group 4 of the same target. Figure 5c is acquired by utilizing mode 3 of the system. Since coarser resolution and lower FOV values are provided in mode 3 due to the polymer scanner integrated in the system, the image is scanned from a part of group 4 of the resolution target to compare with the other modes. Moreover, in Figure 6 , a very clear comparison between LSCM images obtained by employing mode 1 and mode 3 from the same location on the USAF 1951 resolution target is shown. It can be said without any reservation that the images acquired from exactly the same location and with precisely the same optical equipment prove that the market-available off-the-shelf galvanometric scan mirror optically outperforms the polymer scanner by far. However, for cheaper portable scanning microscopy devices, polymer scanners can still be considered in systems for initial diagnosis with 3.2 µ m lateral resolution. The implemented microscopy system is also clinically tested on various biological samples such as bacterial cells (yeast) and red blood cells in order to see and measure its optical performance. Resulting images are shared in Figure 7 . In Figure 7a , red blood cells are clearly distinguishable, whereas in Figure 7b , a detailed image of bacteria cells (yeast) under our proposed LSCM system can be easily seen. Each bacterial cell has a size of nearly 2 µm and is clearly distinguishable.
Conclusion
In this paper, we have developed a laser scanning confocal microscopy system to utilize combinations of various scanning devices and methods and to be able to characterize the optical performance of different scanners and micromirrors that are frequently used in scanning microscopy systems such as multiphoton microscopy, optical coherence tomography, or confocal microscopy. By simply integrating the MEMS scanner to be benchmarked on the same optical path of a commercially available off-the-shelf galvanometric scan mirror, we aimed to automatically get microscopy images from the same location on the target specimen without having any timeconsuming alignment problems. By taking various images from both the resolution target and biological specimen, we experimentally showed that this novel optical configuration provided a high-quality optical comparison opportunity between the laser scanning devices. Moreover, we proved our claim that this new optical setup eliminates the utilization of a second scanning microscopy to benchmark the performance of the scanner-based system and considerably reduces the time spent for imaging, which is a crucial factor for freshly excised tissue, especially under a fluorescence microscope.
In the above discussion, we showed that the off-the-shelf 2D galvanometric scan mirror outperforms by far the polymer scanners that are used in our proposed optical configuration. Attained FPS, FOV, and lateral resolution values are tabulated in the Table. However, even though the optical performance of scanner is lower, it can be still preferred especially in portable laser scanning microscopy systems thanks to the small size and weight compared to motorized, bulky, and expensive galvanometer systems.
